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論文内容要約 
The realization of compact, high power, and room temperature terahertz (THz) sources remains a tough 
challenge due to the technological limitations of existing solid-state devices. To break through these 
substantial limitations, graphene has attracted considerable attention. The unique band structure of the 
sp2-hybridized honeycomb lattice of graphene leads to a linear dispersion of the electrons and holes with a 
zero-bandgap resulting in the massless high mobility transport of the charge carriers of both electrons and 
holes. This along with the very fast energy relaxation of photoexcited electrons and holes can help create a 
population inversion and negative dynamic conductivity in the THz spectral range which under an 
appropriate device design could enable coherent laser sources. Motivated by the exciting theoretical works 
on graphene, I have carried out experimental studies on current injection type photonic and plasmonic 
enhancements in this thesis by making use of three different device structures namely (1) Distributed 
Feedback Dual Gate Graphene Field Effect Transistor (DFB-DG-GFET) Structure, (2) Asymmetric Dual 
Grating Gate Graphene FET (ADGG-GFET) Structure, and (3) Double Graphene Layer (DGL) Structure. 
The thesis is organized as follows: Chapter 1 gives introduction and overview, Chapter 2 familiarizes the 
fundamental properties of graphene which makes it a promising candidate for optoelectronic applications. 
The details regarding the various methods to synthesis graphene and methods of characterization are also 
reviewed. The specific device structures studied in this work features in the next consecutive chapters. 
Chapter 3 presents the details of the first observation of THz radiation oscillations in a current injection 
type graphene laser device, fabricated in a DFB-DG-GFET structure. In such a structure, electrons and 
holes are laterally injected between the dual gated regions by applying a complementary gate biases and the 
populations of electrons and holes are inverted by applying a weak positive drain-to-source dc bias. The 
graphene under carrier population inversion can emit either broadband photons or lead to spontaneous 
emission single mode lasing depending on the modal gain and the Q factor of the cavity structure. First, 
device fabrication details are presented, easy device integration of epitaxial graphene on a 4H-SiC substrate 
with a SiN gate dielectric as well as very high carrier mobilities exceeding 100,000 cm2/Vs at room 
temperature (RT) were achieved, using our original process technology. One of the fabricated devices 
exhibited a broadband emission in a 1-to-7.6 THz range with a maximum radiation intensity ~10 µW/THz at 
100 K when the carrier injection stays between the lower cutoff and upper cutoff threshold levels.  Another 
yet similar device exhibited a single mode emission at 5.2 THz with a peak radiation intensity ~0.1 µW at 
100 K. Spectral narrowing with increasing carrier injection around the threshold was also observed. Both 
the devices exhibited peculiar nonlinear threshold-like behavior with respect to the current-injection level. 
The LED-like broadband emission in the former device is interpreted as an amplified spontaneous THz 
emission being transcended to a single-mode lasing. Design constraints on waveguide structures for better 
THz photon field confinement with higher gain overlapping as well as DFB cavity structures with higher Q 
factors are also addressed towards intense, single-mode continuous wave THz lasing at room temperature. 
Chapter 4 focuses on the ADGG-GFET structure which features an interdigitated dual-grating-gate. 
Plasmon mode in these devices are excited in monolayer graphene on hexagonal boron nitride (hBN) with a 
periodic grating gate structure positioned above the graphene sheets. Dc current driven plasmonic 
instabilities in high mobility graphene metamaterials that combine the advantage of an efficient tunable 
absorber, emitter and ampliﬁer at room temperature is being investigated. Transparency and THz 
ampliﬁcation in these graphene metamaterials have been demonstrated. Relatively strong plasmonic 
mediated process was observed with up to ∼ 19 % absorption and ∼ 9 % ampliﬁcation coefficients at 300 K. 
This interesting plasmonic dynamics is believed to be induced by waves instability in the plasmonic cavities. 
These devices demonstrate signiﬁcantly higher external quantum efficiency (EQE = 0.1) and oﬀ er new ways 
for designing efficient devices for future robust far-infrared plasmonic technology.   
Chapter 5 is dedicated to the operational principle, design and fabrication of the double graphene layer 
(DGL) van der Waals heterostructure. Inter-graphene layer population inversion is induced by electrically 
biasing two separately contacted graphene layers with a thin hexagonal-Boron Nitride tunnel barrier layer 
in between. When the bands offsets between two graphene layers are appropriately set, 
photon-absorption/emission-assisted non-resonant or resonant-tunneling takes place giving rise to an 
increased measured dc current. Since the device holds an undesired crystallographic rotational 
misalignment between the GLs, no negative differential conductance (NDC) was observed at RT. 
Correspondingly, non-resonant photoresponse was observed at RT in response to 1 THz photon irradiation, 
demonstrating a high responsivity of 1.55 A/W. In one another device we observed weak NDCs at 100 K, 
giving a broadband emission (2-to-6 THz) with an intensity 7 pW/µm2. The emission was observed only 
when the band-offset levels between the GLs were set in negative so that the photo-emission-assisted 
resonant tunneling can take place. These results are the first demonstration proving experimentally that 
the gated DGL devices based on the photon-assisted resonant radiative inter-GL transitions can be exploited 
to create highly efficient THz sources and THz photo detectors.  
Chapter 6 tries to benchmark the graphene devices in comparison with the existing THz technologies 
thereby trying to give the perspectives for future graphene THz applications followed by the concluding 
remarks in chapter 7.  
Based on the results for both THz emission and detection obtained during this study, graphene- based 
devices are a strong candidate for current-injection, lateral, vertical and plasma waves transistors operating 
in the THz range. The reason of superior performance is the high carrier mobility of graphene. To further 
enhance the performance of DG-GFETs, substrate thickness has to be optimized so that the photon electric 
fields can be confined effectively. Increasing the no. of periods in DFB cavity is another thing to be 
incorporated to enhance the quality factors. Regarding, the ADGG-GFET devices, only the time domain 
spectroscopic (TDS) experiments were carried out to confirm their bias and cavity length dependent 
plasmonic interactions incoming THz waves. Emission intensity of emitted THz waves and responsivity, 
response speed in detection mode are yet to be performed. Regarding DGL devices, till now only spontaneous 
THz emission was measured, the future works will involve establishing the emission spectral dependence on 
bias voltages.  
In conclusion, in this thesis, it has been shown that graphene can be a promising material to address the 
issue of efficient THz sources and photodetectors. I have shown three geometries in which graphene can 
bring solutions in bridging the THz gap. Out of the three, DGL heterostructures are expected to be the most 
efficient one, given their resonant tunneling nature. However, their device fabrication, especially precise 
integration of monolayers of graphene and h-BN, needs to be optimized to make it suitable for industrial 
application.  This study has been proof of concept and hence further investigations are required to comment 
on the performance parameters of all these studied devices.  
 
 
 
 
